glutamine synthetase and malate dehydrogenase, and increase their thermal stability [11] . This paper provides a feasible solution for improving the thermal stability of laccase by studying the effect of polyhydroxy compounds on laccase.
In this paper, sorbitol, glycerol, inositol, and glucose were selected as additives to study the regularity of variation of laccase activity at different temperatures and different additive concentrations. The structure of laccase was analyzed by ultraviolet spectrometer, fluorescence spectrometer and circular dichroism spectrometer to research the laccase enzymatic response mechanism under the protection of polyhydroxy compounds.
Material and Methods

Solution Preparation and Determination
Laccase (Trametes Versicolor) and 2, 2-azino-bis-(3-ethylbenzothiazo line-6-sulfonic acid) (ABTS) were purchased from Sigma Company. The other chemical reagents were prepared in China and analytically pure. The buffer solution (NaH 2 PO 4 -Na 2 HPO 4 ) with pH value 3 were mixed with laccase to produce a laccase solution whose concentration is 0.2 U/mL. Four kinds of polyhydroxy compounds (sorbitol, glycerol, inositol and glucose) were respectively dissolved in a buffer solution to obtain polyhydroxy compound solution at concentrations of 0, 0.1, 0.2, 0.4, 0.8, and 1.2 mol/L. We mixed the polyhydroxy compounds solution with the laccase solution in an equal volume and heated in a constant temperature water bath to determine the relative enzyme activity of the laccase in the mixture at 20-70ºC. Fluorescence spectra, circular dichroism spectra and ultraviolet spectra of laccase solutions were determined using a fluorescence spectrometer (FP-6500, Jasco, Japan), circular dichroism spectrometer (J-810, Jasco, Japan) and ultraviolet spectrometer (UV-2550, Tsushima, Japan), respectively.
Determining Laccase Activity and Thermodynamic Inactivation Curve
A laccase solution of pH = 3 was put into the constant temperature water bath, then the laccase enzyme activity was determined every 20 minutes to make the thermodynamic inactivation curve of laccase.
The ABTS method was used to determine laccase activity: 2 mL enzyme solution and 1 mL 0.5 mmol/L ABTS was added to a cuvette to start reaction at room temperature, then determine the increase of the absorbance at 420 nm in the UV spectrophotometer in the first 3 minutes of the reaction. The OD value changes by 0.001 per minute, as an enzyme activity unit denoted as U.
If the inactivation laccase is in accordance with the first-order kinetics, then:
…where T is heating time, A t is laccase activity at the heating time t, A 0 is initial enzyme activity of laccase, k is deactivation rate parameter, and T 1/2 is the half-life of laccase.
The Gibbs free energy formula for laccase at the same temperature is:
…where R is the molar gas constant, T is the thermodynamic temperature, h is the Planck constant, and K b is the Boltzmann constant.
Results and Discussion
The Effect of Polyhydroxy Compounds Addition on Thermal Stability of Laccase
The thermodynamic inactivation constant k, halflife t1/2, and thermal inactivation free energy ΔG were calculated (Table 1) , according to Fig. 1 and the rendering method of thermodynamic inactivation curve. As seen in Table 1 , the laccase activity decreased gradually with the passage of time and the increase in temperature. The result showed that laccase halflife was 144.41 min at 20ºC and 62.45 min at 40ºC, and the half-life of the laccase reached a minimum of 18.84 minutes at 60ºC. Fig. 2 showed that the introduction of polyhydroxyl compounds could effectively extend the half-life of laccase t1/2 at an ambient temperature of 40ºC. 
The Effect of Additives on Stability of Enzyme Activities at Different Temperatures
As shown in Fig. 3 , with the increasing concentrations of glucose and inositol, laccase activity increased at first and then decreased during 20-50ºC ( Fig. 3a-d ). The laccase activity peaked when the glucose and inositol groups were respectively at concentrations of 0.1 mol/L and 0.2 mol/L, but a high concentration of glucose inhibited laccase activity. In the glycerol and sorbitol groups, the activity of laccase was positively correlated with the additive concentration in the range of 20-50ºC ( Fig. 3a-d ). Laccase activity was the maximum when the concentration of polyhydroxyl compounds was 0.6 mol/L, and relative enzyme activity increased by 1.17 and 1.37 times, respectively. However, the protective effect of additives on laccase was significantly reduced when the temperature exceeded 60°C. The conformation of laccase was completely destroyed by the excessive temperature, which became the main influence factor of laccase activity. In general, the choice of concentration and type of polyhydroxyl compounds had an important influence on the thermal stability of laccase. 0.6 mol/L sorbitol was the best for laccase protection in all temperature gradients. When the glucose and inositol concentration exceeds the optimal concentration, the effect on the improvement of laccase activity began to weaken, resulting in a decrease in the renaturation ratio of the laccase. Therefore, the low concentration of polyhydroxyl compound has the best effect on improving the temperature stability of laccase in a highly hydrophilic polyol solution.
The Ultraviolet Spectra Analysis of Laccase
As shown in Fig. 4 , with the ambient temperature gradually increasing, the absorption peak of the peptide bond was enhanced gradually at around 200 nm. This indicated that laccase molecules would be unfolded and alter the specific spatial arrangement of the peptide chains with the increasing temperature, then affect laccase activity. The characteristic absorption peak of laccase at 290 nm was caused by the combination of phenylalanine, tryptophan and 13 tyrosines. With the solution temperature increasing, the absorption peak of laccase at 290 nm gradually increased. There was a strong possibility that amino acid residues were exposed from the inside of the hydrophobic surface by heating, thus affecting the activity of laccase. As illustrated in Fig. 5 , the absorption peak of the peptide bond at 190~220 nm after the addition of the polyhydroxy compounds was significantly decreased, and the absorption peak showed a slight redshift. This showed that the conformation of the laccase in the solution changed after the addition of polyhydroxy compounds. With reference to Fig. 4 , it could be seen that the intensity of the absorption peak of the peptide bond of the laccase increased with the rising temperature, indicating that extension of the laccase peptide chain was induced with the increase of temperature. The absorption peak of the peptide bond became weaker after the addition of the polyhydroxy compounds, indicating that the interaction of the polyhydroxy compounds with laccase attenuated the adverse effects of elevated temperatures on the laccase structure. There was an ultraviolet absorption peak of phenylalanine, tryptophan and tyrosine at 280-300 nm [12, 13] . The absorption peak at this position reflected the change in the microenvironment of the laccases amino acid residue after the addition of polyhydroxy compounds. From Fig. 5 , the intensity of the absorption peak of laccases changed slightly, and there was no blueshift and redshift. Since the change of the amino acid residue microenvironment could not be analyzed by UV spectroscopy, the tyrosine tryptophan residue was further analyzed by fluorescence spectroscopy.
The Fluorescence Analysis of Laccase
Acording to Fig. 6 , the fluorescence intensity of tryptophan residues decreased with increasing temperature, indicating that heating will cause fluorescence quenching of tryptophan residues of laccase. Fluorescence quenching is the flipping of the laccase peptide bond caused by rising temperature, making the hydrophobic tryptophan residues buried, which leads to a decrease in fluorescence intensity. The appearance of fluorescence quenching indicated that the temperature change will affect the conformation of laccase. From Fig. 7 , it could be seen that the fluorescence spectrum was represented by the tryptophan residue of the laccases after the addition of the polyhydroxy compounds, in which the sorbitol fluorescence intensity of the sorbitol group was maximum. That it was consistent with the laccases activity showed that the interaction between sorbitol and laccase molecules was closer. The logP (concentration of drug in octanol concentration of drug in aqueous solution) values of sorbitol, glycerol, inositol and glucose were -4.67, -2.32, -2.11 and -1.88, respectively. The hydrophilicity of sorbitol was significantly greater than that of other alcohols. The hydroxyl groups were easier to separate from sorbitol, which helped to enhance hydrogen bonds between the enzyme protein molecules. After the polyhydroxy compounds were added to the solution, the fluorescence intensity of the tryptophan residue of laccase increased, which means that the polyhydroxy compounds could actually prevent the laccases from accumulating due to temperature. However, when the ambient temperature was 70°C, the fluorescence intensity of laccase decreases sharply, indicating that the polyol had a limited protective effect on laccase. When the temperature covers the upper limit, the temperature will directly destroy the conformation of laccase, and the temperature became the main influence factor of laccase activity.
The Circular Dichroism Analysis of Laccase Fig. 8 shows that the absorption spectrum of laccase changed slightly when the solution temperatures were 30ºC and 50ºC, respectively. This indicated that the secondary structure of laccase was relatively stable. Combined with Fig. 3 , laccase activities were different at large at 30ºC and 50ºC, but the circular chromatogram demonstrated that the secondary structure of laccase didn't have a significant difference at these two temperatures. This indicated that the thermodynamic inactivation of laccase was reversible and the renaturation ratio was high. When the temperature was heated to 70ºC, the intensity of the absorption peak of laccases was significantly reduced, and the laccases were completely inactivated, indicating that the secondary structure of laccases was directly destroyed at this time. As shown in Fig. 8 , the secondary structure content of β-sheet on the laccases increased after the addition of polyhydroxy compounds, and the content of the random coil decreased. This indicated that the random coil in the secondary structure of the laccase was converted to the β-sheet after the addition of polyhydroxy compounds, thereby improving the thermal stability of laccase. Therefore, the thermal stability of the laccases had been improved.
The Protection Mechanism of Polyhydroxy Compounds on Laccase Thermal Stability
We analyzed the changes of laccases at different temperatures in UV, fluorescence, and circular dichroism spectra. During the temperature ranging 30-70ºC, the increase of the peptide bond absorption peak of laccase indicated that the increase of temperature would lead to the extension of laccase structure. Due to the increase of temperature, the structure of laccase would be transformed from a tight, ordered conformation to a loose, random one. The fluorescence quenching occurred in tryptophan residues of laccase peptide bond when the ambient temperature arose to 70ºC. It was probable that the reduction of solution viscosity was caused by increasing temperature. The increase of kinetic energy of gas solutes and liquid solvents resulted in the increase of collision probability between fluorescence and other molecules. The excited state of fluorescence molecules released energy through molecular collision or intramolecular energy transferring. The excited fluorescence back to the ground state in the form of non-fluorescent emission resulted in fluorescence quenching.
The test results showed that the UV spectrum of the laccase was not much different after adding different polyhydroxy compounds. It was probable that the hydroxyl in the additives combined with the laccase molecule to create hydrogen bonds to enhance the thermal stability of laccase. Furthermore, each additive saturated the hydrogen bond of laccase, which reflected that the low concentration of polyhydroxyl compounds could improve the thermal stability of laccase [14] . The circular dichroism of laccase further indicated that the secondary structure of the laccase β-sheet was significantly increased [15] . The polyhydroxy compounds could interact with the laccases molecule, so that the random coil and β-sheet fold in the laccase molecule was maintained at a suitable ratio. At the same time, the polyhydroxy compounds could resist the adverse effects of temperature changes on the laccases molecule. However, laccase activity was inhibited in high concentration of glucose and inositol at 40°C. The secondary structure of the β-sheet was significantly increased by excess alcohol hydroxyl, which resulted in the increase of molecular association, the formation of soluble polymers, and the reduced renaturation ratio of laccase [16, 17] .
Conclusions
The thermodynamic inactivation of laccase coincides with the first-order reaction. With the temperature increasing, the half-life of laccase has been decreased. At the same time, the activity and conformation of lactase would be changed. However, the thermal stability of laccase will be significantly improved after the addition of polyhydroxy compounds. Laccase activity shows a trend of increasing and then decreasing with the increasing inositol and glucose concentrations during the concentration range of 0.1mol/L~0.6mol/L. However, laccase has been irreversibly inactivated when the ambient temperature exceeds 70ºC. The thermal stability of laccase could not be improved by polyhydroxy compounds.
According to UV spectra, circular dichroism and fluorescence spectra of laccase, polyhydroxy compounds forms hydrogen bonds between the secondary structure of laccase protein, and effectively prevent the secondary structure of laccase from changing with the increase of temperature. The increase of hydrogen bonds could maintain the stability of α-helix and β-sheet. The polyhydroxy compounds not only formed hydrogen bonds with water molecules to increase the viscosity of the solution, but also to decrease the aggregation and sedimentation of laccase molecules caused by the increase of temperature.
